Disruption in cholinergic signaling has been linked to many environmental and/or pathological conditions known to modify adult neurogenesis. The α7 nAChRs are in the family of cys-loop receptor channels which have been shown to be neuroprotective in adult neurons and are thought to be critical for survival and integration of immature neurons. However, in developing neurons, poor calcium buffering may cause α7 nAChR activation to be neurotoxic. To investigate whether the α7 nAChR regulates neurogenesis in the hippocampus, we used a combination of mouse genetics and imaging to quantify neural stem cell (NSC) densities located in the dentate gyrus of adult mice. In addition, we considered whether the loss of α7 nAChRs had functional consequences on a spatial discrimination task that is thought to rely on pattern separation mechanisms. We found that the loss of α7 nAChRs resulted in increased neurogenesis in male mice only, while female mice showed increased cell divisions and intermediate progenitors but no change in neurogenesis. Knocking out the α7 nAChR from nestin + NSCs and their progeny showed signaling in these cells contributes to regulating neurogenesis. In addition, male, but not female, mice lacking α7 nAChRs performed significantly worse in the spatial discrimination task. This task was sexually dimorphic in wild-type mice, but not in the absence of α7 nAChRs. We conclude that α7 nAChRs regulate adult neurogenesis and impact spatial discrimination function in male, but not female mice, via a mechanism involving nestin + NSCs and their progeny.
Introduction
Hippocampal adult-neurogenesis is a life-long process whereby neural stem cells (NSCs) located in the subgranular zone of the mammalian dentate gyrus divide, differentiate, mature and integrate into the local circuitry (Aimone et al. 2014; Altman and Das 1965; Bonaguidi et al. 2012; Eriksson et al. 1998; Goncalves et al. 2016; Spalding et al. 2013) . NSCs are usually quiescent, while immature granule cells differ from sparsely activated (Chawla et al. 2005; Jung and McNaughton 1993) mature granule cells by responding to the normally inhibitory neurotransmitter GABA with excitation, and being prone to long-term potentiation (Esposito et al. 2005; Ge et al. 2007; Schmidt-Hieber et al. 2004) . Despite some controversy (Sorrells et al. 2018) , most data agree that adult neurogenesis occurs at a rate of 1.75% per year in humans (Spalding et al. 2013 ) and persists through aging (Boldrini et al. 2018) , and can be modified by environmental factors such as exercise (van Praag et al. 1999) and social isolation (Holmes 2016) . NSCs can be induced to differentiate through excitation (Deisseroth et al. 2004 ), but activated neurons may differentiate into astrocytes, leading to decreases in the NSC pool and a loss of neurogenic potential (Encinas et al. 2011) . Pathogenic conditions that impact adult neurogenesis (Hollands et al. 2016; Jessberger and Parent 2015; Kang et al. 2016) are also linked to the disruption in cholinergic innervation. The dentate gyrus receives input from the basal forebrain through GABAergic and cholinergic projection neurons (Bao et al. 2017; CooperKuhn et al. 2004) , and the infusion of fibroblasts releasing 1 3 acetylcholine (ACh) into the hippocampus reverses cognitive decline (Dickinson-Anson et al. 2003 ). Anti-cholinesterases, which inhibit the breakdown of acetylcholine, increase adult neurogenesis (Kotani et al. 2006 ) and promote survival of immature neurons through the α7 subtype of nicotinic ACh receptors (nAChRs) (Kita et al. 2014) . By contrast, constitutive activation of the α7 nAChR results in increased apoptosis in the CNS of neonatal mice (Orr-Urtreger et al. 2000) .
The α7 nAChR, located pre-and post-synaptically, contributes to cognition, attention, learning and memory (Hasselmo 2006; Levin 2012 ) through fast signal transduction and a higher level of Ca 2+ flux than other nAChRs. Once thought to be strictly homomeric, they are now known to also form α7β2 heteromeric receptors (Khiroug et al. 2002; Wu et al. 2016 ) and couple to heterotrimeric G proteins (King et al. 2017) . They are located on a diverse array of cells in the hippocampus (Albuquerque et al. 1997; Rubboli et al. 1994) , and their loss, inhibition, or duplication contributes to multiple neuropsychiatric and neurodegenerative disorders (Gillentine et al. 2017; Graham et al. 2002) . In particular, the α7 nAChR is implicated in diseases such as epilepsy, autism, schizophrenia (Adams et al. 2012) , and Alzheimer's disease (Dineley et al. 2015) . These disorders also show altered adult neurogenesis in the subgranular zone of the dentate gyrus (Hollands et al. 2016; Jessberger and Parent 2015; Kang et al. 2016 ). The α7 nAChR may also be neuroprotective (Hernandez et al. 2010) in adult neurons; activation of this receptor guides the normal maturation and integration of immature neurons (Campbell et al. 2010) , thereby promoting their survival.
Even though the presence of the α7 nAChR promotes maturation and survival of immature neurons, its role in regulating adult neurogenesis remains poorly elucidated. For instance, while it is known that in Alzheimer's disease there is loss of cholinergic cells in the basal forebrain with concurrent loss of innervation of the hippocampus, studies support an increased neurogenesis (Jin et al. 2004; Yu et al. 2009) , and an increase in α7 nAChR expression in astrocytes (Teaktong et al. 2003) . Loss of the α7 nAChR does result in decreased GABA A receptors in the hippocampus (Adams et al. 2012) , but this opens up the possibility of indirect effects on adult neurogenesis through interneurons. In addition, poor calcium buffering in developing neurons may result in α7 nAChR activation being neurotoxic, rather than neuroprotective, at early stages of adult neurogenesis, as seen when the α7 nAChR is constitutively active in development (Orr-Urtreger et al. 2000) . The difficulty in discerning the impact of α7 nAChR activation on adult neurogenesis may lie in the differing and even contradictory actions this receptor has depending on the timing and location of its activation (Gu and Yakel 2011) , or potentially by affecting a subset of local cells (Paez-Gonzalez et al. 2014) , as occurs in the subventricular zone, another area of adult neurogenesis in the mouse where nAChRs may be important for neuronal proliferation and survival (Mechawar et al. 2004) . Neuroprotective functions of α7 nAChRs may only be revealed through stress, which acutely increases ACh release (Imperato et al. 1991) . We hypothesized that α7 nAChRs might protect and/ or preserve the NSCs and regulate adult neurogenesis. To test this, we used 3D imaging to investigate NSC densities, as well as behavioral performance on a spatial discrimination task to investigate NSC function. We found that blocking or removing the α7 nAChR increased neurogenesis overall but decreased NSC pools and spatial discrimination in adult male, but not female, mice. These results demonstrate a critical role of the α7 nAChRs in the regulation of adult neurogenesis in a sexually dimorphic way.
Materials and methods

Mouse strains and experimental crosses
To identify the NSCs in the subgranular zone of the dentate gyrus, we initially obtained mice from Jackson Laboratory (JAX), including the lines Nestin-Cre/ERT2 (JAX #016261), C57BL/6-Tg(Nes-cre/ERT2)KEisc/J (Lagace et al. 2007 ). In addition, we obtained ROSATdTomato (JAX #007914, B6.Cg-Gt(ROSA)26Sor tm14(CAG -tdTomato)Hze /J) as well as α7 nAChR KO (JAX #003232, acra7-B6.129S7-Chrna7 tm1Bay /J) and α7 nAChR flox mice (JAX #026965, B6(Cg)-Chrna7 tm1.1Ehs /YakelJ (Hernandez et al. 2014) ). These mice were later bred and crossed in house in the Comparative Medicine Branch at NIEHS. Mice were not back crossed; instead new breeders were periodically ordered from JAX. Mice were genotyped by tail snip that was submitted to Transnetyx for genotyping. The crosses we used included Nestin-Cre/ERT2 × ROSATdTomato (hemi/het); Nestin-Cre/ERT2 × ROSATdTomato × α7 nAChR KO and Nestin-Cre/ERT2 × ROSATdTomato × α7nAChR flox mice. Both male and female mice were used. In all cases experiments were done using littermate controls.
Mouse housing and treatments
Mice were maintained on a 12-h light:12-h dark cycle with food and water supplied ad libitum except as noted for behavior experiments. All mice were housed in multiple sibling groups. All sibling groups receiving injections were housed in a private cubicle away from common housing. Mice used for behavior were housed in reverse light/ dark housing. All applicable international, national, and/ or institutional guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the ethical standards of the institution or practice at which the studies were conducted. This article does not contain any studies with human participants performed by any of the authors. All procedures were approved and performed in compliance with the NIEHS/NIH Humane Care and Use of Animals Protocols.
To induce tdTomato expression in nestin + cells, adult mice hemizygous for Nestin-Cre/ERT2 received 5 consecutive daily intraperitoneal injections (I.P.) of tamoxifen (0.15 mg/g in research grade corn oil). Mice were euthanized a week later. α7nAChR flox cross: Mice were injected with tamoxifen as indicated above to induce the removal of α7 nAChR expression and induce tdTOMATO expression in nestin + cells. Subsequent to injections, mice were maintained in home cages for nine weeks before euthanasia. EdU: EdU was administered in 4 I.P. shots of 41.1 mg/kg body weight given at 2.5 h intervals . Mice were euthanized the following day.
Mice used for behavior began diet restriction and daily handling 10 days prior to behavioral testing. Mice were maintained at 80-85% base weight.
Tissue preparation
Mice were deeply anesthetized using 0.2 ml phenobarbital (FatalPlus). After testing for deep anesthesia, tissue was cleared using ice cold 0.1 M phosphate buffer (PB), pH 7.4, with 0.1% heparin. Mice were transcardially perfused in ice cold 4% paraformaldehyde (PFA). Brains were post-fixed overnight at 4 °C in 4% PFA and then washed in 0.1 M PB. Washed brains were cryoprotected using a 30% sucrose in 0.1 M PB at 4 °C until equilibrated. Brains frozen in tissue freezing medium (TFM; Triangle Biomedical Sciences) were cryosectioned into 50-µm free-floating coronal sections using a Leica CM305S cryostat. Every sixth section of a hippocampus was processed for immunolabeling. Sections were placed in block buffer (0.1 M PBS with 5% goat serum and 0.1% Triton X-100) for 2 h at room temperature or stored at 4 °C until immunofluorescence.
Immunostaining
All immunostaining was done with tissue kept in the dark. 50-µm free-floating sections were incubated with primary antibodies overnight at 4 °C. Negative controls lacking primary were done to confirm specificity of staining. Tissue was triple washed and incubated in secondary antibody for 2 h at room temperature or overnight at 4 °C. After secondary antibody, tissue was triple washed. Where cell nuclei were stained, the final wash contained DAPI (2 µg/ml). Tissue was mounted onto a SuperFrost Plus slide using Prolong Diamond Anti-fade Mounting Media (Molecular Probes). After slides had dried overnight, edges were sealed. Slides were stored at 4 °C in the dark when not being imaged.
Antibodies
Primary antibodies used include rabbit anti-Prox1 (1:100 
Imaging
Tile scan, Z-stack images of 50-µm-thick brain sections were collected on a Carl Zeiss LSM 710, LSM780, or LSM 880 confocal microscope (Carl Zeiss Inc, Oberkochen, Germany) using one of the following objective lenses: PlanApochromat 20 ×/0.8 or the Plan-Apochromat 63 ×/1.4 Oil DIC M27. For the far red channel, a 633-nm laser line was used for excitation of an Alexa 647 secondary antibody using a band pass filter of 640-717. For the red channel, a 561-nm dpss laser was used for excitation of Alexa 568 while a 561-639 filter collected the emission. For the green channel, a 488 nm ArKr laser line was used for excitation of the Alexa 488 secondary while a bandpass 503-552 filter was used for collection of the emission signal. For the blue channel, a 405-nm diode laser line was used for excitation of DAPI while a bandpass 415-503 filter was used for the emission. Furthermore, images were taken with the pinhole of the longest emission wavelength set to 1 airy unit, a zoom setting of 1, and with line averaging set to 2.
Image analysis
All images captured in Zen Black 2012 were stitched (if tiled) and imported into an Imaris (Bitplane, Oxford Industries) analysis arena. To determine cell densities, threedimensional (3D) images were first analyzed using a shape function to limit analysis to the dentate gyrus within the section. Cells were then counted using a spots function. Where possible cell counts were batched. Counted cells were confirmed as having a cell nucleus surrounded by the fluorescent marker. Mice in which staining was unclear were eliminated from analysis. Data were recorded in Excel spreadsheets for further analysis, where densities were calculated. For measuring distance cells had moved inward from the edge of the hilus, regions of interest were selected and maximum intensity projections were imported into ImageJ. Using ImageJ, cells were marked and image was cropped at the edge of the hilus to allow measurement of distance. Measurements were imported into Excel and converted into microns. For tertiary dendrites, 63 × images were imported into Imaris and the filament function was used to manually trace dendritic structure in five randomly selected cells. Total filament length and number of tertiary dendrites were imported into Excel for further analysis. For presentation, images were cropped using Imaris software, and captured via a snapshot feature. Images were modified only by adjusting brightness and contrast to optimize the full dynamic range of the fluorescent signal.
Delayed non-matching to prior (DNTP) task in radial-arm maze
This task was modified from Clelland et al. (2009) . Mice were habituated to the testing room and maze one day prior to the task beginning. Habituation consisted of placing the mouse in a clean 8-arm maze (Med Associates) with all arms loaded with chocolate flavored 0.14 mg treats (Lederle et al. 2011 ) for 8 min. In the afternoon mice had a secondary During the task, mice received sixty (60) two-phase behavior tests over the course of 15 consecutive days (i.e., 4 tests per day). Tests were randomly ordered. In each test, mice were placed in an 8-arm radial maze to find a sample treat. The maze was then thoroughly cleaned. The mouse was returned to the maze within 2 min and tasked with finding a treat in a novel arm at a variable distance from the original arm. In both the sample and the test phase, the mouse was alone in a sound-proofed area under red lighting, while the task was recorded using Ethovision software (Noldus Information Technology). Choice of novel or familiar arm entry was analyzed by sex and genotype. Data were recorded in an Excel sheet for analysis. Statistics were generated using SPSS and Graphpad Prism.
Experimental design and statistical analysis
Power analysis was performed during experimental design. In behavior, male and female sibling groups were run in equal numbers within each group; the order of tasks was randomized. 
Results
α7 nAChRs regulates adult neurogenesis in the dentate gyrus of male but not female mice
To determine whether there was an impact on adult neurogenesis after the loss of α7 nAChR, we studied both male and female adult α7 nAChR KO mice that were at least 8 weeks old, a time at which the dentate gyrus has been shown to be stable (Cushman et al. 2012) . Using nestin, a marker for neural stem cells in the hippocampus, to establish the presence of neural stem cells, we crossed α7 nAChR KO mice with nestin-Cre/ERT2 × ROSAtdTomato mice and, quantified tdTomato + cells 12 days after the initial tamoxifen injection (Fig. 1) . All the cells marked by tdTomato will have been nestin + NSCs at the time of the first injection. To verify expression of tdTomato in neural stem cells, at the beginning and periodically throughout the study, nestinCre/ERT2 × ROSAtdTomato mice were injected with saline and wild-type siblings were injected with tamoxifen at the same levels used in the experiments; these controls did not show the presence of fluorescent NSCs (data not shown). During these 12 days, a proportion of the nestin + NSCs will become activated, divide and differentiate first into intermediate progenitor cells and then later into immature neurons. Thus, the labeled cells are nestin + cells and their progeny. Fig. 1 The α7 nAChR regulates adult neurogenesis in adult mice differently in males and females. a Administration of tamoxifen to nestin-Cre/ERT2 mice crossed with ROSAtdTomato will induce expression of tdTomato in nestin + cells, allowing us to label NSCs and their progeny in adult mice. These mice were crossed with α7 nAChR knock-out mice, allowing us to quantify NSCs and their progeny in adult mice in sibling wild type and α7 nAChR knock-outs. b Mice were genotyped at birth and sibling knock-out and wild-type mice were raised to adult (8 weeks). At 8 weeks mice were injected with tamoxifen for 5 days (0.15 mg/g in corn oil) to induce tdTomato expression in nestin + NSCs. Mice were euthanized 1 week after the final injection. The entire timeline was 12 days from first injection until euthanization, which provided sufficient time for a percentage of the initial NSCs fluorescing with tdTomato to divide and differentiate into intermediate progenitors and then immature neurons. c 50 µm sections of mouse hippocampi were collected and immunolabeled with rabbit anti-MCM2 (Abcam, 1:500; to mark intermediate progenitors) and guinea pig anti-DCX (Millipore, 1:500; to mark immature neurons), as well as DAPI (2 µg/ml). Images were collected using a Plan-Apochromat × 20/0.8 lens and Zen black software on a Zeiss 710 confocal microscope (Carl Zeiss Inc, Oberkochen, Germany) and analyzed in 3D using Imaris (Bitplane, Oxford industries). Scale bar: 10 µm. d Male mice had a significant reduction in nestin + cells (NSCs and progeny) whereas female mice did not (p = 0.03). e Intermediate progenitors are measured by quantifying MCM2 + cells. There is an overall increase in intermediate progenitors in mice lacking the α7 nAChR (p = 0.0053), which is largely driven by the increase in progenitors in male mice only (p = 0.035), since females alone were not significantly different. f Immature neurons can be measured by quantifying DCX expression. Immature neurons vary by sex (p = 0.0027) and genotype (p = 0.0091). Male mice lacking the α7 nAChR have an increased number of immature neurons (p = 0.024) compared to male wild-type mice, whereas in females there is no difference in density of immature neurons in wild type versus knock-out mice. g Progeny can be measure by colocalization of tdTomato with MCM2 or DCX. There is a significant increase in the percentage of nestin + cells that had divided and differentiated into intermediate progenitors or immature neurons over the 12 day duration of the experiment in mice lacking the α7 nAChR regardless of sex (p = 0.0016). h Removing progeny from nestin + cells counts reveal that the nonactivated NSC population is decreased significantly in male mice only after loss of the α7 nAChR (p = 0.014). i The overall density of cells in the dentate gyrus remains steady across all sexes and genotypes. Statistical analysis uses two-way ANOVA with Tukey's multiple comparison test and Graphpad Prism 7.0 Software. Experimental groups contained 5-7 mice per group including male wild type, male knock-out, female wild type, female knock-out. In each mouse, four hippocampi sections were analyzed to provide a mean density per mouse. Data expressed as mean ± SEM. Asterisk indicates *p < 0.05, **p < 0.01 ◂ Since immature neurons go through an activity-dependent critical period from 2 to 4 weeks (Tashiro et al. 2006) , this time frame captures adult neurogenesis prior to this critical period.
Our data show that there is a significant decrease in nestin + NSCs and their progeny in adult male (but not female) mice lacking the α7 nAChR ( Fig. 1d ; interaction: F(1,22) = 5.16, p = 0.03, n = 6 mwt, 6 fwt, 7 mko, 7 fko; Sidak's, p = 0.03 n = 6 mwt, 7 mko). Quantification of intermediate progenitor levels, marked by MCM2, reveal there is an overall increase in intermediate progenitors (Fig. 1e : main effect of genetics: F(1,18) = 10.4, p = 0.0053). This increase is driven by the males (Sidak's, p = 0.035, n = 6 mwt, 5 mko) since females taken alone do not show any significant difference. Quantification of immature neurons, marked by DCX, reveal a significant difference in densities (Fig. 1f) when considered by sex [F(1,19) = 11.83 p = 0.0027, n = 6 mwt, 6 fwt, 5 mko, 5 fko] or by genotype [F(1,19) = 2.83, p = 0.0091]. Interestingly, we see an increase in immature neurons in males (Sidak's, p = 0.024, n = 6 mwt, 5 mko) when comparing knock-out to wild type, but not in females.
Since the progeny of nestin + NSCs can also be expected to stain positive for MCM2 or for DCX, we were able to first quantify the percentage of nestin + cells that had been activated and diffierentiated, and then eliminate these cells from our tdTomato + cell counts. This was done in order to quantify non-activated NSCs. Doing so revealed that there was a significant increase in the percent of progeny of nestin + cells regardless of sex [ Fig. 1g: F(1,18) = 11.7, p = 0.0030, n = 6 mwt, 6 fwt, 5 mko, 5 fko]. In addition, there was a significant decrease in non-activated nestin + NSCs in males only [ Fig. 1h : interaction: F(1,18) = 5.026, p = 0.0378, n = 6 mwt, 6 fwt, 5 mko, 5 fko; Sidak's, p = 0.014, n = 6 mwt, 5 mko]. Despite these changes, there is no significant impact on the total density of cells in the dentate gyrus by sex or genotype (Fig. 1i) .
Taken together these data suggest that the loss of α7 nAChR results in an increase in activation of NSCs in both males and females. In male mice these activated NSCs become intermediate progenitors and then immature neurons. However, in female mice the same mechanism is not evident, despite there being an overall increase in progeny, supporting a more complex pathway.
To test whether lower NSC populations were correlated with an altered level of neurogenesis, we measured cell division using EdU (Fig. 2) . In this case, we also considered heterozygote mice. As expected, there was a main effect of sex [ Fig. 2c: F(1,30) = 4.233, p = 0.0440, n = 6 mwt, 6 mhet, 6 mko, 6 fwt, 6 fhet, 6 fko]. Analysis of male mice showed that the lower density of NSCs in α7 knockout mice (Sidak's, p = 0.028, n = 6 mwt, 6 mko) was dose dependent, with heterozygotes falling midway between knock-out and wild type. In contrast in female mice, there was no effect of genotype. Actively dividing cells labeled with EdU showed no effect by sex, and there was an overall increase in adult neurogenesis in α7 nAChR knock-out mice compared to wild type [ Fig. 2d : main effect of genetics: F(2,30) = 3.94, p = 0.03, n = 6 mwt, 6 mhet, 6 mko, 6 fwt, 6 fhet, 6 fko]. In addition, the percent of nestin + cells that were actively dividing is increased overall [**F(2,30), p = 0.0043] as well as when considered separately in both males (Sidak's, p = 0.039) and females (Sidak's, p = 0.029) (Fig. 2e) . In male mice, this would support the hypothesis that NSC populations are decreased because cells are leaving the stem cell pool through increased adult neurogenesis. However in female mice, cell division may be increased but NSC populations remain the same. Campbell et al. (2010) have shown that loss of the α7 nAChR results in delayed maturation of newborn neurons, as well as less overall dendritic length and arborization. To investigate maturation of immature neurons, distance inward from the granule cell-hilus border and dendritic structure was measured through selecting a region of interest, lacking curvature, in the upper arm of the dorsal dentate gyrus (Fig. 3a) . Within ImageJ, this region of interest was positioned with the granule cell layer-hilus border at one edge. Distance from the edge of each DCX + granule cells was calculated, and averaged from four images per mouse. Both the average distance inward from the edge of the hilus into the granule cell layer and the percent of DCX + neurons that were greater than 10 µm from the edge of the hilus were calculated. No significant difference existed between wild type and α7 nAChR knock-out mice in the distance of DCX + neurons from the edge of the hilus (Fig. 3b, c) .
The tertiary dendritic structure of five randomly selected DCX + neurons was traced by using the filament function in Imaris on a 3D 63 × z-stacked image ( Fig. 3d-f) . Accuracy was confirmed through 3D rotation of the image. Cells in which the dendritic structure immediately exited the section were excluded, and total filament length and number of tertiary filaments were measured. We found that there was no significant difference in the number of tertiary dendrites in the α7 knock-out mice [F(1,22) = 3.67, p = 0.0685, n = 6 mwt, 6 fwt, 7 mko, 7 fko; Fig. 3g ]. However, there was a significant increase in total dendritic length in α7 nAChR knock-out mice [F(1,22) = 5.051, p = 0350, n = 6 mwt, 6 fwt, 7 mko, 7 fko; Fig. 3h ] when both sexes are considered together. One explanation for this unexpected finding is that immature neurons of α7 nAChR knock-out mice, in failing to mature at a normal rate, are retaining DCX expression for longer than their wild-type siblings, resulting in an age differential in neurons selected. Adult neurogenesis is increased in adult mice lacking the α7 nAChR, while NSC populations show dose-dependent decrease in males only. a Mice were injected with tamoxifen (0.15 mg/g) on the first Monday through Friday after reaching 8 weeks of age. Mice were then dosed with EdU (4 doses 41.1 mg/kg, IP injection at 2.5 h intervals) on the following Thursday, 1 day prior to euthanization. b 3-D reconstruction of dentate gyrus from z-stack of free-floating sections of brains of α7 nAChR knock-out mice testing for actively dividing cell numbers (indicating neurogenesis) using EdU. Images are grouped by sex and genotype, including male control mouse, male transgenic mouse, female control mouse and female transgenic mouse (heterozygotes not shown). TdTomato was expressed in NSCs following tamoxifen injections, Alexa 488 green fluorescence was used to label EdU within actively dividing cells, and nuclei were identified by DAPI (2 µg/ml). Scale bar: 20 µm. c Analysis shows that males and female differ (p = 0.0440, n = 35). Males show a significant decrease in NSC populations (p = 0.027, n = 17) as the copies of α7 nAChR declined; and knock-out mice have a significantly lower density of NSCs than wild type (p = 0.021, n = 5 wt, 6 ko). Female mice show no relationship between loss of the α7 nAChR and NSC numbers (p = 0.766, n = 18). d The loss of α7 nAChR caused an overall increase in actively dividing cells with no effect of sex (p = 0.0465, n = 35, two-way ANOVA). e Both male (p = 0.039) and female (p = 0.029) mice showed an increase in the number of nestin + cells that were also identified with EdU as currently undergoing cell division. Asterisk indicates *p < 0.05. Statistics analysis using two-way ANOVA with Tukey's post hoc using SPSS and Graphpad Prism 7. Effect of loss of α7 nAChRs on maturation of neurons. a The distance that immature neurons had moved in from the hilus was measured to determine if maturation was increasing. To do this, maximum projection images were analyzed in ImageJ by marking all visible cell bodies also stained with DCX. When the edge of the image was aligned with the edge of the hilus, the inward movement of cells could be measured. b No difference was seen in knock-out mice of either sex in average inward mobility of immature neurons. c There was no difference in the percent of cells that had moved inward from the edge of the hilus by more than 10 µm in male or female mice of either genotype. d-f In order to examine the effect of loss of α7 nAChRs on dendritic structure, 63X images were captured and analyzed using Imaris Filament function. These images delineate the process. d A region of interest was randomly selected from the upper arm of the dentate gyrus in the dorsal region of the hippocampus and imaged at 63X. e Five DCX cells were randomly selected from all cells present in the image. Cells were not selected if the dendritic structure traveled out of the plane created by the section. Cells were manually traced using the filament function on Imaris. Cells were checked for accuracy in 3D. f Tracings were used to count tertiary filaments and measure overall filament length. g There was no significant difference in the number of tertiary dendrites (p = 0.068). h Compared with wild-type mice, mice that lacked the α7 nAChR had an overall increase in total filament length [F(1,22) = 5.051, p = 0350, n = 6 mwt, 6 fwt, 7 mko, 7 fko] when both sexes are considered together. Statistical analysis uses two-way ANOVA with Sidak's multiple comparison test and Graphpad Prism 7.0 Software. Experimental groups contained 5-7 mice per group including male wild type, male knock-out, female wild type, female knock-out. In each mouse, four hippocampi sections were analyzed to provide a mean density per mouse. Data expressed as mean ± SEM. Asterisk indicates *p < 0.05 α7 nAChR regulation of delayed non-matching to prior (DNTP) task in radial-arm maze reveals sexually dimorphic dentate gyrus function
We investigated whether the increased neurogenesis in the absence of α7 nAChRs (using the global knock-out) correlated with changes in behaviors associated with adult neurogenesis. To do this, we used a DNTP task in an 8-arm radial maze ( Fig. 4a ) that had been previously used to measure a behavioral phenomenon thought to assess pattern separation processes (Clelland et al. 2009 ). Mice ran each of three possible tasks, with each task having two phases. The first (sample) phase involved placing the mouse in the maze and allowing it to find the reward pellet. The second phase, occurring after a short delay, recorded the mouse re-entering the maze and retrieving a new reward pellet from a novel arm. Of interest was whether the mouse entered the novel or familiar arm first. This task was run on mice beginning 10 days after food restriction began, and occurred over 15 consecutive days, with 4 tasks per day per mouse (Fig. 4b) . Our results show there was a sex by genotype interaction [F(1,49) = 10.16, p = 0.0025, n = 53, two-way ANOVA, Fig. 4c ]. The DNTP radial-arm maze task was sexually dimorphic in wild-type mice; while male mice preferred the novel arm, wildtype female mice did not prefer the novel arm (Tukey's, p = 0.0009, n = 10 m, 8 f). However, male and female mice lacking the α7 nAChR did not show any difference in performance on this task (p = 0.9957; n = 19 m, 16 f). Individual analysis of mice by sex showed that the loss of the α7 nAChR in male mice caused a significant decrease in probability of entry into the novel arm (p = 0.0408, n = 10 wt, 19 tg). However, in female mice there was no significant difference between wild type and transgenic α7 nAChR mice (p = 0.2780, n = 8 wt 16 tg). Therefore, while sexual dimorphism is apparent in performance of this task in wild-type mice, male mice have a decrease in performance associated with the loss of the α7 nAChR in this spatial discrimination task, but female mice do not; this supports the hypothesis that the α7 nAChR is important in hippocampal decision-making strategies, and suggests a sexually dimorphic function. Prior to the experiment, mice were habituated to the room and maze. Habituation included 8 min free exploration of the maze with reward pellets at the end of each arm, and 2 min restricted exploration of the maze with reward pellets at the end of 2 open arms. During the two-phase task, mice were placed in one arm of an eight-arm radial maze and retrieved a reward pellet placed in another arm (sample arm). After a short delay, a novel arm was loaded with a reward pellet. Mice were placed in the maze in the original arm and allowed to retrieve the treat. We measured whether the mouse chose the novel arm or the familiar arm to enter first. c Our results show that there is a sex by genotype interaction in this task (p = 0.0025, n = 53), with wild-type males preferring the novel arm while females did not In this experiment females were not tested. b Male mice were dosed with tamoxifen through intraperitoneal injection in 5 consecutive doses (0.15 mg/g) at 8 weeks of age. Mice then aged 9 weeks and were euthanized at 17 weeks, allowing sufficient time for α7 nAChR − / nestin + cells to divide, differentiate and mature into the dentate gyrus granule cell layer. c 3-D images were collected of dentate gyrus of α7 nAChR flox × nestin-Cre/ERT2 × ROSATdTomato wild-type and knock-out mice euthanized 9 weeks after final tamoxifen injection. This delay allows activated NSCs to divide and mature without α7 nAChR expression. Images show NSCs, immature neurons (gp-antiDCX 1:500, Gt-antiGp Alexa 488 1:500), and granule cells (Rb-antiProx1 1:500, Gt-antiRb Alexa 647 1:500), as well as DAPI (2 µg/ml). Scale bar: 10 µm. d The NSC population was significantly decreased (p = 0.0416, n = 5, 5). This is comparable to the result seen in whole body knock-out of the α7 nAChR, in which there is an approximate 50% decline in NSCs in the knock-out compared to the wild type. e The percent of NSCs compared to the overall population of cells in the dentate gyrus was significantly decreased (p = 0.0468, n = 5, 5). f There were no significant differences in numbers of immature neurons in these mice (p = 0.495, n = 5, 5). This is in contrast to the whole body knock-out of α7 nAChR, where male mice showed a significant increase in immature neurons. Female mice were not analyzed. Asterisk indicates *p < 0.05. Statistical analysis with unpaired Student's t test calculated using Graphpad Prism 7.0. Data in bar graph expressed as mean ± SEM for the changes in adult neurogenesis we had seen in male (but not female) mice; that is whether these changes are a result of cell autonomous or simple feed-back regulation. In this investigation we used only male mice. To do this, we selectively eliminated the α7 nAChRs from nestin + cells and all their progeny after male mice had reached adulthood (8 weeks). Since nestin is widely expressed during development, we used the nestin-Cre/ERT2 × ROSAtdTomato-inducible mouse (to be able to limit the loss of α7 nAChR to only adult male mice) and crossed it with the α7 nAChR flox mouse (Hernandez et al. 2014) . This cross (Fig. 5a ) allowed us to knock out the α7 nAChRs in nestin + cells only in the adult male mice when administered tamoxifen. Nine weeks after tamoxifen (Fig. 5b) , tissue was imaged (Fig. 5c) ) from nestin + cell counts, we could establish the numbers of nestin + NSCs present. We found a 51 ± 9% decrease in density of NSCs in the dentate gyrus of male mice with conditional α7 nAChR deletion compared to wild type (p = 0.0416, n = 5, 5 unpaired Student's t test; Fig. 5d ), as well as a decline in the percent of cells in the dentate gyrus that are NSCs by 52 ± 9% (p = 0.0468, n = 5, 5, unpaired Student's t test; Fig. 5e ). This is similar to the whole body α7 nAChR knock-out, in which there was a similar decline of NSCs in male mice. In this case the decrease was 61% ± 18% decrease in NSCs, whereas in the whole body knock-out there was 51% ± 9% decrease in NSCs. Interestingly, the loss of α7 nAChRs had no impact on immature neuron numbers (p = 0.495, n = 5, 5 unpaired Student's t test; Fig. 5f ). This is in contrast to the whole body knock-out of α7 nAChRs, where there was a significant increase in DCX + immature neurons. This indicates that while the loss of α7 nAChRs selectively from the nestin + cells in adult male mice during the development of granule cells results in a decrease in NSCs pools, it is only partially responsible for the overall changes seen in the α7 nAChR knock-out mice since there is no apparent overall increase in neurogenesis.
To investigate maturation of immature neurons, distance inward from the granule cell-hilus border and dendritic structure was recorded. Distance from the granule cell-hilus border was measured by selecting a region of interest, lacking curvature, in the upper arm of the dorsal dentate gyrus, and positioning the image with the granule cell layer-hilus border at one edge (Fig. 6a) . Distance of selected DCX + cells from the image edge was calculated by ImageJ and converted to microns in Excel. The average distance was calculated for that image and four images were averaged per mouse. The average inward distance from the edge of the hilus was significantly greater in α7 nAChR knock-out than wild-type mice (p = 0.0288, n = 6,6, unpaired Student's t test; Fig. 6b) , and the percent of cells that were greater than 10 µm from the edge of the hilus was greater in α7 nAChR knock-out than wild-type mice (p = 0.0168, n = 6,6, unpaired Student's t test; Fig. 6c ). This supports a dysregulation in the maturation process among the immature neurons of the dentate gyrus in the α7 nAChR knock-out mice. However, neither tertiary dendrites (Fig. 6d) Loss of α7 nAChRs in nestin + cells results in greater inward mobility in males. a The average distance inward from the hilus edge that cells had traveled was measured by taking a maximum intensity projection and importing it into ImageJ. b Results indicated that loss of the α7 nAChR in NSCs was associated with greater inward mobility of these cells from the hilus prior to their maturation into adult neurons (p = 0.0288, n = 6,6). c Loss of α7 nAChRs from NSCs results in a larger percentage of cells that have moved more than 10 µm from the edge of the hilus as immature neurons (p = 0.0168, n = 6,6). d Tertiary dendrites were counted by imaging regions of interest in dorsal dentate gyrus and analyzing using filament feature in Imaris. Loss of α7 nAChRs does not impact on tertiary dendrite numbers. d-f In order to examine the effect of loss of α7 nAChRs on dendritic structure, images were captured and analyzed using Imaris Filament function. These images delineate the process. d A region of interest was randomly selected from the upper arm of the dentate gyrus in the dorsal region of the hippocampus and imaged. e Four DCX cells were randomly selected from all cells present in the image. Cells were manually traced using the filament function on Imaris and checked for accuracy in 3D. f Tracings were used to count tertiary filaments and measure overall filament length. Female mice were not analyzed. Asterisk indicates *p < 0.05. Statistical analysis with unpaired Student's t test calculated using Graphpad Prism 7.0. Data in bar graph expressed as mean ± SEM (data not shown). Tertiary structure was measured in Imaris, by tracing filaments in 3D (Fig. 6e-g ). This may indicate that although more cells are entering the immature cell phase, they are failing to survive.
In summary (Fig. 7) , our results show that in adult male mice, the loss of the α7 nAChR increases adult neurogenesis with an increase in intermediate progenitors and immature neurons, and a loss of NSCs. However, the overall decrease in NSCs and their progeny suggests that these cells are transient and do not survive to integrate into the granule cell layer. In addition, the impaired performance of male knockout mice in the DNTP task suggest that neurogenesis is dysregulated and pathogenic, in contrast to the health-associated increases seen with environmental stimulus. Interestingly, female mice do not show this same pattern. To begin with, they do not show the same preference for novelty as the male mice do in the DNTP task, and loss of the α7 nAChR does not impair their performance. In addition, knock-out female mice show an increase in intermediate progenitors and in cell division, but no change in NSC numbers or in immature neurons. This indicates that there is no increase in adult neurogenesis in female mice lacking the α7 nAChR, and increased cell divisions do not either survive beyond the intermediate progenitor stage or revert to NSCs.
Discussion
Impaired adult neurogenesis is present in many neuropsychiatric and neurodegenerative disorders (Aimone et al. 2014; Besnard and Sahay 2016; Burket et al. 2017; Kang et al. 2016; Lazarov and Marr 2010) , and it has been proposed that improving adult neurogenesis could be therapeutic (Jin et al. 2004 ). α7 nAChR dysfunction has been linked to many of these disorders (Dineley et al. 2015) . For instance, α7 nAChRs are increased in the hippocampus in Fig. 7 Effects of α7 nAChRs by sex and genotype. Schematic shows a summary of the effects of loss of α7 nAChRs by sex and genotype. Overall, cell divisions increased in α7 nAChR knock-out mice (shown by a larger arrow), with an increase in intermediate progenitor cells. In adult male mice only, loss of α7 nAChRs also led to a decrease in NSCs and an increase in immature neurons, supporting the idea that adult neurogenesis was increased in these mice after the loss of the α7 nAChR. Despite their apparent higher levels, we would anticipate poor survival for these immature neurons, and a loss of neurons at maturity. Future studies will test survival. In addition, the loss of performance in the DNTP radial-arm maze task is consistent with reduced functionality of the dentate gyrus, supporting the hypothesis that the observed neurogenesis is dysregulated and aberrant, rather than healthy. Wild-type adult female mice demonstrate a lack of preference for novelty in the DNTP radial-arm maze task, with no significant change in mice lacking the α7 nAChR. In addition, in adult female mice levels of NSCs and immature neurons remain unchanged, indicating that increased cell division is not having an easily identifiable lasting impact on adult neurogenesis 1 3
Alzheimer's disease patients (Teaktong et al. 2003) , and are linked with impaired auditory sensory gating seen in patients with schizophrenia (Martin and Freedman 2007) . Clinical studies suggest treatment of schizophrenia with α7 nAChR agonists and positive allosteric modulators has resulted in improved cognition and reduced negative symptoms (Freedman 2014) . Studies in rodent models of neuropsychiatric and neurodegenerative disorders have also implicated the α7 nAChR (Gass et al. 2016; Lykhmus et al. 2015; Papouin et al. 2017; Plitman et al. 2017 ). In addition, α7 nAChRs have been shown to regulate aggression through activation of dentate granule cells (Lewis et al. 2017) . Furthermore, prenatal stress decreases adult neurogenesis (Belnoue et al. 2013) , and also affects the levels of α7 nAChRs in adult rodents (Baier et al. 2015) . Adult neurogenesis in the human brain primarily originates with NSCs located in the subgranular zone of the dentate gyrus (Altman and Das 1965; Spalding et al. 2013 ) within the hippocampus. These quiescent cells self-replicate, or when activated may differentiate into intermediate progenitors which then produce neurons.
Our main finding is that loss of α7 nAChRs results in a sex-dependent dysregulation of adult neurogenesis. In male mice, there are fewer NSCs inclusive of their progeny or alone, while in both sexes the amount of cell division, the number of intermediate progenitors and the percent of nestin + cells that differentiated into other cells were increased, supporting an increase in neurogenesis overall. This increase is unlikely to be due to increased levels of survival, since survival in the first 2 weeks is expected to remain the same for α7 nAChR knock-out and wild-type mice (Campbell et al. 2010) . The activation of the NSCs could also lead to an increase in newly formed astrocytes, resulting in a permanent decline in neurogenesis (Encinas et al. 2011) ; exploring this possibility is important and the focus of future research. Here, we found that there is an increase in immature neurons in males only, with no overall increase in total density of DG cells. This would be consistent with poor survival of DG cells previously seen in an α7 nAChR knock-out model (Campbell et al. 2010 ). However, when we measured dendritic arborization, we see an increase in dendritic arbors in α7 nAChR knock-out mice compared to their sibling controls. This is contrary to previous findings that show an overall loss of dendritic arborization in α7 nAChR knock-out mice (Campbell et al. 2010) . One possible explanation is that lack of the α7 nAChR is causing the immature neurons, which have been shown to retain immature features (Campbell et al. 2010) , to retain expression of DCX for longer than their sibling wild-type controls. This might result in substantially differently aged neurons. Another possibility lies in the fact that our cells were all chosen from the upper arm of the dorsal dentate gyrus; it is possible that the lower arm or the ventral dentate gyrus might show a different effect. It is important to note that the increase we see occurs in the full group of male and female mice; when considered alone neither individual group shows a significant difference; this implies that any increase is likely to be subtle. Loss of the α7 nAChR in male mice had functional consequences in a behavior task thought to assess pattern separation processes. We further show that loss of the α7 nAChR solely in nestin + cells and their progeny, the adult-born neurons, also results in a decrease in number of NSCs.
Consistent with Dranovsky et al. (2011) , we show that at 12 days post-initial injection approximately 30% of all nestin + NSCs will have divided and differentiated into intermediate progenitors or immature neurons in wild-type mice. This time point allowed for maximal expression of tdTomato after tamoxifen administration and encapsulated neurogenesis occurring before an activity-dependent critical period (Tashiro et al. 2006) , which impacts on total numbers of cells present in α7 nAChR knock-out mice (Campbell et al. 2010) . The significant increase in this percentage seen in α7 nAChR null mice supports the idea that adult neurogenesis is increased in these mice, as does the increase in intermediate progenitors. Although it has been shown that there is no difference in survival of neurons at 2 weeks in α7 nAChR null mice (Campbell et al. 2010) , not only is this time point 2 days later but this could be accounted for by an increased adult neurogenesis being counterbalanced by a decreased survival of immature neurons beyond this point. In addition, the previous study did not distinguish male from female mice. The fact that in male mice there is also an increase in immature neurons (DCX + ) supports the idea of continued proliferation at least to this point. Some literature suggests that lack of α7 nAChR in the immature neurons of the α7 nAChR knock-out mice is protective early on, due to a lower calcium burden on cells that had not yet developed calcium chelators. Similarly, overactivation of the α7 nAChR can result in neuronal loss due to calcium toxicity (Orr-Urtreger et al. 2000) . These same cells, however, may be less likely to survive to adulthood due to a delayed maturation, an extended period of GABAergic depolarization, and poor development of dendritic structure (Campbell et al. 2010) . Unexpectedly, our results showed an increased dendritic arborization in α7 nAChR knock-out mice compared to sibling controls. In our study, we were analyzing DCX + cells. It is possible that delayed maturation also causes a delay in the loss of expression of DCX, resulting in our measuring cells of differing relative ages. Further research would be needed to disentangle the possible interpretations of this result. Delayed maturation of adult-born neurons might result in a transient increase, followed by a lasting decline, as NSCs leave the existing pool at an increased rate, but fail to survive into maturity.
Since female mice do not show this same increase, it is likely that the excess intermediate progenitors are not differentiating into neurons, suggesting they are either failing to survive or are instead reverting to NSCs, which would stabilize numbers of NSCs present. Differences between males and females are consistent with studies suggesting that the dentate gyrus is a sexually dimorphic structure (Galea 2008) . Many factors could be important in this difference between male and female mice, including but not limited to estrus cycling, which was not measured in this study. In addition, it has been shown that estrogen can modulate acetylcholine release in the hippocampus (Gabor et al. 2003) , as well as having other effects (Spencer et al. 2008 ) that impact cholinergic function.
The overall decrease in nestin + cells inclusive of their progeny within a 12-day time frame in a global α7 nAChR knock-out adult male mouse supports the idea these cells are not surviving to maturity, compatible with α7 nAChRs having a neuroprotective role during the differentiation and maturation process of adult-born neurons in male mice, and with previous literature (Campbell et al. 2010) . Early life stress can lead to both fewer α7 nAChRs and less neurogenesis (Glenn et al. 2007 ). On the other hand, prenatal choline administration, potentially activating the α7 nAChR, results in increased neurogenesis into adulthood (Velazquez et al. 2013) , again supporting the α7 nAChRs being neuroprotective (Hernandez and Dineley 2012; Voytenko et al. 2015) . Denervating the dentate gyrus of cholinergic neurons results in a loss of new neurons and an increase in cell death in the dentate gyrus (Cooper-Kuhn et al. 2004 ). Interestingly, we found that the loss of the α7 nAChRs increased adult neurogenesis, suggesting that the signaling that results in cell death may be inclusive of an overall deregulation of adult neurogenesis. Other research, conducted in male mice, has suggested that by 4 weeks post-neurogenesis there will be a decline in surviving adult-born neurons in α7 nAChR knock-out mice (Campbell et al. 2010 ). In our study, only male mice showed a decrease in NSCs, while females did not. Possible alternative explanations for this finding include the differing baseline levels in adult NSC populations seen for wild-type females, the potential for differing levels of expression of neuronal markers, differing metabolism of tamoxifen in female mice, or a differing means of regulating adult neurogenesis. Disentangling these possibilities would provide interesting further research, and may also suggest that this as an interesting line of enquiry to pursue when researching neuropsychiatric and neurodegenerative disorders associated with loss of α7 nAChRs that have a sexually dimorphic presentation (Guebel and Torres 2016; MartinezPinilla et al. 2016) .
The combination of changes in cell densities in the male α7 nAChR knock-out mice suggest that the α7 nAChR normally acts as a brake on adult neurogenesis. It has recently been found that there is a decreased calcium signaling cascade in induced pluripotent stem cells and neural progenitor cells derived from persons with both increased and decreased α7 nAChR expression (Gillentine et al. 2017 ). Since excitation has been shown to increase adult neurogenesis (Deisseroth et al. 2004 ), but excitation through constitutive activation of the α7 nAChR has been shown to be neurotoxic during development (Orr-Urtreger et al. 2000) , our results suggest a dysregulation rather than any activitydependent increase. Loss of the α7 nAChR can also reduce inhibitory function in the hippocampus and GABA A receptors in male mice (Adams et al. 2012) , which would lead to decreased activity-dependent GABA release. In either case, activity-dependent changes could not be the sole cause.
NSCs are quiescent while bathed in spill-over GABA from nearby parvalbumin + interneurons (Song et al. , 2013 , and do not respond to bath applied acetylcholine. By contrast, when NSCs differentiate into immature granule cells, their progeny express fully functional α7 nAChRs (John et al. 2015) . Furthermore, although constitutive activation of the α7 nAChR results in apoptosis in the developing CNS (Orr-Urtreger et al. 2000) , galantamine, an acetylcholinesterase inhibitor, increases survival of immature neurons through an α7 nAChR-dependent mechanism (Kita et al. 2014 ). In addition, α7 nAChRs regulate the maturation and integration of immature neurons into the dentate gyrus (Campbell et al. 2010) . If maturation, integration, and survival are impaired in granule cells lacking α7 nAChR, this could result in increased compensatory proliferation; e.g., with increased, but impaired, levels of neurogenesis seen in Alzheimer's patients (Jin et al. 2004; Lazarov and Marr 2010) , acting in a cell autonomous fashion. When we knocked out the α7 nAChR selectively in nestin + cells in adult male mice, we saw a reduction in density of NSC pools and a decrease in the percent of nestin + cells, however there was no overall change in density of immature neurons. This would be consistent with a failure of differentiated neurons to survive, but only partially supports a purely cell autonomous mechanism driving the dysregulation seen in α7 nAChR knock-out mice.
If not cell autonomous, it is possible hippocampal interneurons expressing α7 nAChRs (Jones and Yakel 1997) , could be responsible for the changes we observed. Recent studies show that loss of α7 nAChRs can change cell composition in the hippocampus, causing an increase in parvalbumin + interneurons in C3H mice (Bates et al. 2014) , or an overall decrease in interneurons in the hippocampus (Adams et al. 2012) . Parvalbumin + interneurons in the subgranular zone act to inhibit neurogenesis through spill-over of GABA . In addition, a small subset of somatostatin + interneurons with cell bodies in the hilus and dendrites that project to the molecular layer inhibit neurons locally and in the medial septum and diagonal band of Broca (MS/DBB) (Yuan et al. 2017 ) which could be impacting adult neurogenesis. Interestingly, parvalbumin + interneurons receive input from the MS/DBB (Bao et al. 2017) , and loss of this input causes activation of NSCs with a decline in NSC pools. While the largest input onto these interneurons appears to be GABAergic, the MS/DBB also have cholinergic neurons both modulating GABAergic locally and projection neurons in intraseptal circuitry (Damborsky et al. 2017) , as well as directly activating interneurons in the hippocampus (Dannenberg et al. 2015) . It is also possible that immature neurons expressing GAD67 (Cabezas et al. 2013 ) are contributing to the effect. In short, there are several possible sources of cholinergic input to the NSCs via interneurons as well. It will be important in the future to determine the source of cholinergic regulation of neurogenesis.
Our wild-type mice show a sexual dimorphism in the DNTP radial-arm maze task. Though unexpected, other studies have also shown varying degrees of sexual dimorphism in hippocampal structure and function (Cushman et al. 2012; Galea 2008; Luine et al. 2017) . While the DNTP radial-arm maze task has been shown to be both hippocampal-and neurogenesis-dependent, conflicting views exist on whether it can properly assess pattern separation processes (Anacker and Hen 2017; Besnard and Sahay 2016; Clelland et al. 2009; Santoro 2013) , or more broadly spatial discrimination or other hippocampal functions. However, the fact that sexual dimorphism disappears in this assessment when the α7 nAChR is removed remains interesting. That male, but not female, mice show both loss of NSCs and decreased performance in the task subsequent to the loss of the α7 nAChR is an intriguing correlation, but more research is needed to determine whether the effect seen is the direct result of changes in neurogenesis after loss of α7 nAChRs. Multiple previous studies show an association between levels of adult neurogenesis and performance in tasks measuring pattern separation, spatial discrimination, or cognitive flexibility (Clelland et al. 2009; Cushman et al. 2012; Hollands et al. 2017; Pan et al. 2012; Sahay et al. 2011) . Previous studies in rats and voles have shown the hippocampus to be a sexually dimorphic structure (Galea 2008; Luine et al. 2017) . For instance, estrogen increases neurogenesis during proestrus in female rats (Tanapat et al. 1999) . In addition, a previous report has shown that complete loss of all post-natal neurogenesis produces sex-dependent changes in hippocampus-dependent cognitive function (Cushman et al. 2012) . It remains to be determined how the α7 nAChR is regulating performance in the DNTP task in male mice.
The ability to adapt appropriately to a changing environment is essential for mental health and is lacking in many neurological disorders including Alzheimer's disease and schizophrenia. One commonality of these diseases is involvement of α7 nAChR dysfunction. Our primary focus was to determine whether α7 nAChRs regulate adult neurogenesis in the dentate gyrus, and if this resulted in behavioral consequences. Our data support the hypothesis that α7 nAChR activation regulates adult neurogenesis. While increased neurogenesis occurred both in male and female mice in the absence of α7 nAChRs, loss of NSCs and decrease in performance on a DNTP task was only observed in male mice. While our data suggest that α7 nAChR expression on NSCs is important, interneurons, astrocytes and/or microglia may also be involved. In future studies, we will further address how this receptor is regulating neurogenesis, and how this regulation differs in male and female mice, and whether this regulation is exacerbated by stress, and/or alleviated by environmental enrichment. Understanding how NSCs are regulated by ligands acting on the α7 nAChR may provide a potential therapeutic strategy for treating a wide variety of neurodegenerative and neurological diseases.
